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The (p,d *He) reaction of °Li, Li, *Be, and '>C has been investigated in conjunction with studies of the (p,pa)
reaction on the same targets. Coincident data for all four targets were obtained at a bombarding energy of 100
MeV for numerous angle pairs in order to test the reaction mechanism. Comparisons of the (p,d *He) data to
both (p,pa) data and distorted-wave impulse approximation calculations indicate a dominance of the direct
quasifree reaction process (p + a— d +°He). The absolute a-particle spectroscopic factors extracted using
distorted-wave impulse approximation analysis are in agreement with the values obtained in the (p,pa)

reaction.

NUCLEAR REACTIONS °Li, "Li, *Be, '2C (p,d’He), Ey=100 MeV; measured
d3g/d9dd93He dE4 (04, 0 3105 E4); coplanar geometry; DWIA analysis; deduced
a-particle spectroscopic factors.

I. INTRODUCTION

In a previous paper! we presented a detailed
experimental study of the (p,pa) reaction on four
1p -shell nuclei. These data provided.strong evi-
dence for the interpretation of the (p,pa) reac-
tion at 100 MeV as a quasifree a-particle knock-
out reaction. Moreover, a distorted-wave im-
pulse approximation (DWIA) analysis''? of the
data provided absolute a-particle spectroscopic
factors which agreed with theoretical predictions.
In conjunction with the experimental work on the
(p,pa) reaction, data were also obtained for the
(p,d°He) reaction to test its possible interpreta-
tion in terms of a quasifree reaction process;
several other experimental studies®™® have sug-
gested the importance of such a process in three-
body final state reactions.

To illustrate what we mean by the term “quasi-
free reaction” let us compare the two reactions
A(p,pa)B and A(p,d*He)B. In Fig. 1 we present
for these reactions the first order diagrams
which we assume represent the dominant process-
es in the region of interest. We see that the re-
actions differ only in the upper vertex, which in
the first case represents elastic p-a scattering
and in the second case represents the *He(p,d)*He
reaction. It is the nature of the respective upper
vertices which give rise to our use of the terms
quasifree elastic scattering and quasifree reac-
tion.

Assuming that the first order diagram dominates
and that the corrections to it are adequately
treated using DWIA, then, based on Fig. 1, we
would expect to obtain identical nuclear structure
information from the (p,pa) and (p,d*He) reac-
tions. Since generally the quasifree elastic scat-
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tering cross section is 1arger‘than the quasifree
reaction cross section by approximately the ratio
of the two-body cross sections associated with the
upper vertex, it would appear to be experimentally
advantageous to study the former process. Thus
before presenting the results it is worthwhile
suggesting several important reasons for study-
ing such quasifree reactions.

Firstly, a practical reason is that there appear
to be no significant contributions due to sequential
events of the type

p+A—-d+(A-1)*

B+ °He.

In contrast, for (p,pa) near 100 MeV the sequen-
tial processes

p+A-p+A*
B+a

create some difficulty’ and require that the ex-
periments be carried out at relatively large pro-
ton angles (generally 6,>75°) where the cross
sections are small, in order to prevent contamina-
tion of the quasifree peak by the sequential pro-
cesses. Thus one generally obtains much cleaner
quasifree reaction spectra at the expense of some-
what longer running times.

Secondly, the comparison of the (p,d°He) and
(p,pa) reactions may provide additional informa-
tion on the four-particle structure in the target
nucleus and/or detailed information on the p+ a-
cluster interaction. For example, if we consider
the four-particle internal structure in the target
nucleus as a superposition of the @ ground-state
configuration plus excited states of the a particle,
then the (p,pa) reaction can in principle occur
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FIG. 1. First order diagrams for the A (p,pa)B and
A (p,d’He)B reactions.

not only through p — a elastic scattering but also
via proton inelastic scattering from the excited
states to the a-particle ground state. In the
(p,d°He) reaction similar effects should be pres-
ent. A detailed comparison of the two reactions
may then elucidate the importance of such effects.
An attempt to utilize this feature of the quasifree
reaction has been made by Grossiord et al.* who
have studied the ®Li(d,#p)*He reaction in order to
obtain information on the deuteron deformation in
SLi. A theoretical attempt to include the scatter-
ing from excited states of the “a” cluster to the
ground state by means of Glauber theory has also
been made.” However, distortion effects due to
the residual nucleus B would have to be included
in the calculations before reaching any definitive
conclusions concerning the importance of these
terms. ~

In the present paper we present extensive exper-
imental data for the (p,d°He) reaction on the same
p-shell targets (°Li, "Li, °Be, and *2C) studied
with the (p,pa) experiment. These data provide
independent tests of the reaction mechanism (i.e.,
tests of the dominance of the quasifree reaction
mechanism). We also make direct comparisons
to the (p,pa) data to ascertain the similarity of
the two reactions as would be expected from the
diagrams presented in Fig. 1 and direct compari-
sons with DWIA calculations.

II. THEORY

In the plane-wave impulse approximation (PWIA)
expression corresponding to the two diagrams in

Fig. 1, the triple differential cross section for
both quasifree elastic scattering and quasifree
reactions can be expressed in identical form as

d30' _ do > 2
W—K-F-gﬁll-ﬁalﬂ—m)[ , (1)

where K.F. is a known kinematic factor and do/
dSZ| 1-2 is the (off-energy-shell) two-body cross
section [p — @ elastic scattering for (p,pa) and
‘He(p,d)*He for the (p,d°He) reaction]. The quan-
tity S, is an a-particle spectroscopic factor, and
¢(-Dpp) represents the lower vertex which is com-
mon to both reactions. This latter quantity is the
Fourier transform of the overlap integral between
the internal wave function of the target nucleus A
and the internal wave functions of the residual nu-
cleus B and the a particle (i.e., it is basically

the momentum space wave function of the a clus-
ter in the nucleus) and is normalized to unity.

The momentum Py is the recoil momentum of the
residual nucleus, a quantity which can be deduced
from the experimental measurements. Based on
the first order diagrams and the PWIA expression
given in Eq. (1), it is clear that the two reactions
in principle contain identical nuclear structure
information on @ clustering in the target nucleus.

For the (p,pa) reaction we have shown that the
PWIA interpretation is inadequate for quantitative
comparisons, but that most of the gross features
predicted by the PWIA are evident in the data.
This result suggested that one could assume the
dominance of the first order (p,pa) diagram and
include distortion effects due to the residual nu-
cleus B via the distorted-wave impulse approxi-
mation (DWIA). The resultant DWIA calculations
for the (p,pa) reaction provided excellent agree-
ment with the experimental data. One expects
similar results for the (p,d*He) reactions.

The DWIA formalism for the general reaction
of the type A(a,cd)B has been developed by Chant
and Roos.”® The inclusion of distortion effects
with the DWIA preserves the form of Eq. (1) for
both reactions and modifies only the ¢2 term of
the PWIA expression [Eq. (1)] replacing it by the
distorted momentum distribution

|6(=Bs)|2= 2 | T8EA |2, @)

A

where the amplitude T3%* is given by

1 . oy (4)
T35t = Grany J R K 0F)

X ¢35 (F)dT. (3)

The x’s represent distorted waves for the in-
coming and outgoing particles, y=A/B and ¢%,(¥)
is the coordinate-space wave function of the a
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cluster. The inclusion of distortion has been
shown® %8 to.produce large effects in cluster
knockout reactions, even up to energies of order
600 MeV, and must be included in order to extract
any quantitative nuclear structure information
from such reactions.

III. EXPERIMENT

The experimental arrangement has been de-
scribed in detail in our previous paper!® on the
(p,pa) reaction which was performed simultane-
ously. Briefly, a 100 MeV proton beam from the
University of Maryland cyclotron was focused on
targets placed at the center of a 150 cm diam
scattering chamber. The outgoing particles were
detected by two detector telescopes placed co-
planar with and on opposite sides of the incident
beam. The detector telescope for p, d, and ¢
consisted of a 1 mm Si surface barrier AE, fol-
lowed by a 2.5 cm diam X 5 cm thick NaI(T1)
crystal (AR=4.83 msr); the telescope for He and
“He consisted of a 200 um Si surface barrier AE
followed by a 3 mm Si(Li) E detector (AR=1.21
msr). Conventional electronics were used and five
linear signals, gated by appropriate logic signals,
were sent to analog-to-digital converters inter-
faced to an on-line IBM 360/44 computer. These
linear signals consisted of the two AE outputs,
the two E outputs, and a time-to-amplitude con-
verter output which measured the time difference
between the two AE signals (with a resolving time
of approximately 1.5 ns) allowing the simultaneous
storage of real and accidental coincidence events.
Software data handling was performed by the ver-
satile code® P2P, Further experimental details
can be found in Ref. 1.

Since we wished to investigate the appropriate-
ness of the DWIA equivalent of Fig. 1, angle pairs
(6,, 03He) were generally chosen such that the re-
sidual undetected nucleus B was left with relatively
small recoil momentum P5z. For each target ex-
cept *2C, primary emphasis was placed on the one
angle pair (6,= 6,~81°, 6, = 63, ~ —41°) which for
both the (p,pa) and (p,d*He) reactions correspon-
ded to quasifree angle pairs; i.e., in both reac-
tions zero recoil momentum of the residual nucle-
us was kinematically allowed at that same angle
pair. In the following we refer to this particular
set of angles as the “double quasifree angle pair.”
At these angles the simultaneous accumulation
of data for the two reactions provided the most
complete comparison (maximum range of recoil
momentum), and is free of most relative errors.
For ?C, data were obtained only at (p,pa) quasi-
free angle pairs. However, the minimum recoil
momentum for the (p,d3He) reaction was still

sufficiently small to allow a useful comparison
of the two reactions. .

Data at additional angle pairs were obtained,
providing further tests of the reaction mechanism,
Most of these angle pairs corresponded to (p,pa)
quasifree angle pairs, although the minimum re-
coil momenta for (p,d*He) were still relatively
small. For °Li(p,d*He)?H a series of quasifree
angle pair data were obtained in order to study
the angular dependence of the zero recoil momen-
tum point (p5=0). These data provide a test of
the factorization approximation made in the DWIA.

IV. EXPERIMENTAL RESULTS

A variety of experimental results have been ob-
tained and in the following subsections we present
not only the (p,d°He) results, but also make de-
tailed comparisons with the (p,pa) data which have
been shown to be in excellent agreement with the
DWIA knockout theory. Although many of the
presentations of the data contain overlapping in-
formation, the breakdown most clearly separates
various features of the reactions.

A. Binding energy spectra

Consider a reaction of the type A(a,cd)B in
which the energies of the outgoing particles ¢ and
d are measured at (6,, 6,). From these data one
can calculate the binding energy F,=E_+ E;+ Ep
=E,+Q+ E* where the E; are the energies of the
various particles (Eg, the energy of the undetected
recoiling nucleus, is calculated from the three-
body kinematics), @ is the ground state @ value
of the reaction, and E* is the excitation energy
in the residual nucleus B, A plot of the number of
coincident events versus E*=E_ +Q — F, represents
the probability of excitation of the various states
in the final nucleus. If the concepts of quasifree
elastic scattering and quasifree reactions (as
represented by Fig. 1) have any validity then the
excitation energy spectra of the (p,pa) and
(p,d°He) reactions should be nearly identical.
Small differences might be expected from such
effects as differing distortions in the two types
of reactions, and differing energy dependence in
the two-body cross sections do/dR|,_,, and from
the experimental restriction that thresholds crea-
ted by the AE E coincidence requirement in each
telescope limit the range of energy sharing con-
tained in the summation. However, we would not
expect to observe any major differences.

In Fig. 2 we present the excitation energy spec-
tra for the two reactions on the four target nuclei.
For °Li, "Li, and °Be the angles correspond to
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FIG. 2. Binding energy spectra versus excitation energy for the (p,pa) and (p,d°He) reactions at a bombarding en -
ergy of 100 MeV and angle pairs 6, =6,=6; and 6, =63, = 0,.

quasifree angles, whereas for *°C the angle dif- B. Energy sharing dc )
fers slightly from the quasifree (p,d°He) angle. ds2,dSdy dE,
We observe that the spectra are basically identi-

cal, and that little evidence is seen for excited For each set of angle pairs and each state in the
states beyond that of the 2.9 MeV region in ®Be. final nucleus we have projected the data onto the
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FIG. 3. Three-body cross sections for the (a) *Li(p,d°He)?H, (b) "Li(p,d*He)H, (c) *Be(p,d°He)’He, and (d)

12C(p,d"’Ir{e)”Be(O-i-,g.s.) reactions at 100 MeV. The arrows on the deuteron energy axes indicate the locations of zero
recoil momentum. The solid curves are DWIA calculations normalized to the data (see Sec. IV). In Fig. (b) the dashed

curve includes the effects of the finite experimental angular and energy resolution on the DWIA calculation.
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FIG. 4. (d% /dQ;dQ, dE;)/K.F. [see Eq. (4)] versus
recoil momentum for the *Be(p,d3He)’He reaction at
three angle pairs. The different angle pairs have been
normalized near pz=0.

deuteron energy axis to obtain the triple differen-
tial cross section d%/dﬂddﬂgﬂedEd. Typical data
for quasifree angles are presented in Fig. 3 along
with the DWIA calculations discussed in Sec. V.
The deuteron energy corresponding to zero re-
coil momentum of the undetected residual nucleus
is indicated by an arrow on the energy axis. The
data for °Li-*H, °Be—°He, and *?C - ®Be(0+)
clearly show the peak at approximately zero re-
coil momentum expected for the reaction proceed-
ing via the direct (p,d) interaction on an S-state

@ cluster. For "Li(p,d*He)’H, which must pro-
ceed via an interaction with a P-state a particle,
we see evidence of a slight dip near p;=0, but not
as pronounced as that observed in the (p,pa)
reaction.! The data for >C(p,d°He)’Be (2.9 MeV
region) have been excluded from consideration
owing to the presence of mixed angular momentum
transfer as discussed in Ref. 1.

As a further test of the quasifree reaction mech-
anism, we have compared the three-body cross
sections divided by the kinematic factor for vari-
ous quasifree angle pairs. In the DWIA we have
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FIG. 5. The ratio (@%0/d?dRdE)/K.F.x do/d2|,. , for the *Li(p,pa)’H and the SLi(p,d’He)’H reactions. For the
(p,pa) reaction do/dQ| ;. 2 has been obtained by interpolation, whereas for the (p,d®He) reaction a constant do/dQ le
has been assumed. The two sets of data have been normalized near pg=0.
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caption).
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Since explicit DWIA calculations indicate that the
distortion effects are not strongly angle and energy
dependent and the variation in do/dQ ’H is small
over the energy sharing spectrum, the shape of
the quantity defined in Eq. (4) should be angle
independent for any particular reaction. In Fig. 4
we present the three-body cross section divided
by K.F. versus the measured recoil momentum for
the °Be(p,d°He)°He reaction. The data for differ-
ent angles have been normalized near zero recoil
momentum. In agreement with DWIA expectations
we find nearly identical shapes for the various
angles presented. Other targets and angle pairs
produce comparable agreement,

Finally, in the spirit of the diagrams given in
Fig. 1 comparing the direct (p,d*He) and (p,pa)
reactions, we compare the three-body cross sec-
tions divided by K.F. X do/dS for the two reactions
versus recoil momentum. For (p,pa) the values
of do/dQ|,., were obtained by interpolation of
p —a elastic scattering (see Ref. 1), whereas for
(p,d°He) a constant cross section has been used.
Interpolation of the available “He(p,d)*He data'®
shows that the variation is small over the kine-
matic range of the energy sharing spectrum. For
this comparison we have used the data correspon-

ding to the double quasifree angle pair, i.e., the
angle pair such that it is kinematically possible
for both reactions to leave the residual nucleus
at rest. Since these data were taken simultane-
ously they are free of many relative errors.
These comparisons are presented in Figs. 5-8,
where the (p,d°He) results have been normalized
to the (p,pa) results near zero recoil momentum.
The agreement between the two reactions is quite
good, with the exception of the regions in the
(p,pa) spectra which contain sequential events
(the right hand side of p5=0), and the region of
the minimum in the “Li reactions. A discussion
of the relative normalization of these two reac-
tions, which depends on both the two-body cross
sections and the relative distortion effects, is
deferred until Sec. V.

The shapes and intercomparisons of the energy
sharing data presented above all point to the dom-
inance of the first order quasifree reaction dia-
gram.

C. Angular distributions

Again assuming relatively constant distortion
effects, the factorization of the two-body cross
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section assumed in the DWIA implies that the
angular dependence of the (p,d*He) reaction for
fixed recoil momertum should be dominated by the
angular dependence of the two-body cross section
do/dR|,,. In order to test this assumption we
have plotted (d°c/d,dQsy dE,)/K.F. for fixed re-
coil momentum (pz=0 MeV/c) versus the two-
body center-of-mass angle calculated for the final
state of the three-body system. In the DWIA the
angular dependence of this quantity should be
essentially the same as the two-body “He(p,d)*He
reaction. Explicit DWIA calculations show that
the variation in |$py|? over the angular range
studied is less than 8%. Unfortunately, only for
SLi is the angular range sufficiently large to pro-
vide a satisfactory test. In Fig. 9 we present
these results for p;=~0 MeV/c. Also presented

in Fig. 9 are the available two-body *He(p,d)*He
cross section data.!®

A. A. COWLEY et al. 15

In spite of the lack of free (p,d) data, a com-
parison with the available data strongly supports
the factorization approximation for the )
SLi(p,d°He)?H reaction. For .the other nuclei
studied the available data lie in the rather flat
portion of the two-body cross section (6= 100°
- 130°), and one can only say that the data are
consistent with the factorization approximation
and the quasifree reaction mechanism concept.

V. DWIA CALCULATIONS

Theoretical calculations for the present
(p,d°He) data have been carried out using the
general DWIA code of Chant.”® The calculations
have been described in detail in Refs. 2 and 8.
Since our desire is to compare with the previous
(p,pa) analysis, we have tried to be as consistent
as possible with these previous calculations.
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FIG. 9. Quasifree angular distribution for the $Li(p,d°He)?H reaction at 100 MeV. The data points (A) represent
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angle. The solid curves are smooth curves drawn through the available ‘He(,d)’He data (see Ref. 11). The absolute
normalization of the quasifree angular distribution is based on interpolation of the (,d) data.



A. DWIA parameterization

In the DWIA code the a-particle bound state
wave function, which represents a complicated
overlap integral between the internal wave func-
tions of the initial and final state nuclei, is ap-
proximated by an @ particle bound in a Woods-
Saxon well with a depth chosen to reproduce the
a-particle separation energy. The parameters
of this well are taken from the (p,pa) analysis
and are listed in Table I. As discussed in Ref, 1
the 1p harmonic oscillator shell model suggests
the quantum numbers 2S for °Li, 2P for "Li, and
3S for °Be and °C, '

For the. incident proton we have used the same
optical potentials as previously.! For the emitted
deuteron we have followed the approach of Wata-
nabe,!! who writes the deuteron potential as

Usr)= [ d8lU,0r,)+ U0 )104%6), (5)
where only the S-wave part of ¢,, the deuteron
ground state wave function, is considered. In
Eq. (5) for the deuteron potential the position of
the center of mass of the deuteron is F=3(F¥,
+T,), with §=T, - F,. The optical potentials U,

TABLE 1. Optical potential parameters.
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and U, for protons and neutrons are required at
approximately half the deuteron energy. For
these nucleon potentials we have taken the exit
proton optical model potential from our (p,pa)
analysis and scaled the well depth using the ap-
propriate energy dependence for this energy re-
gion, This approach leads to potentials quite simi-
lar to those which actually fit elastic deuteron
scattering,!* and it was felt that the use of the
nucleon optical potentials from the (p,pa) analy-
sis would provide a more systematic comparison
of the two reactions. The deuteron potential cal-
culated by means of this method deviates very
slightly from a Woods-Saxon form. For the
actual DWIA calculation it was necessary to use
an “equivalent” Woods-Saxon deuteron potential
which has the same half radius, rms radius, and
volume integral as the folded potential. Finally,
for the exit *He particle we have tried two differ-
ent potentials. Firstly, we have used a potential
obtained from analyses®* of He elastic scatter-
ing from °Li, °H, and ?H. Secondly, we have used
the same potential as was used for the a particle
in the (p,pa) analysis. We argue that these
choices represent the largest reasonable varia-
tion possible for the *He potential. In fact, differ-

The optical potential is defined as follows:

d
Vopt==VFlr, 7o, a) — i(W - 4WDa’W)f s 74 @) + Veous

where

fr vy, a) = |:1 +exp (y——ﬂ)} i 1;

a

A is the target mass, Vg, is the Coulomb potential of a uniform sphere of charge of radius

roall3,
Reaction System \4 ) a Ve w Wy 174 a Ref.
6Li(p,d*He)’H  p+°Li? 16.6 1.16 075 1.80 0.1 3.9 1.37 0.63 1
d+H 6.68 1.66 0.69 1.60 3.2 0 1.66  0.69
SHe +2H 80.5 1.20 0.70 1.30 0 8.9 1.20 0.65 14
Bound state 77.0 1.47 0.71 1.47 1
"Wi(p,d®He)’H  p+'Li? 175 1.33 0.65 1.83 11.6 0 1.46  0.44 1t
d+°H 27.2 1.39 0.52 1.30 0 4.2 1.32  0.62
3He +%H 215.0 1.25 0.58 1.40 20.0 0 1.82  0.20 13
Bound state 91.9 1.43 0.72 1.43 1
9Be(p,d°He)’He p+°Be? 19.3  1.33 0.65 1.89 10.5 0 1.46 0.44 1
d+°He 58.4 1.35 0.90 1.30 0 5.8 1.17 0.73
He + *He 82.7 1.20 0.77 1.40 184 0 1.67  0.73 12
Bound state 89.3 1.35 0.73 1.35 S |
2¢(p,d®He)®Be  p+12C? 21.2 1.33 0.65 1.33 6.5 0 1.46 0.44 1
d+%Be 63.2 1.29 0.80 1.30 0 3.8 1.15 1.06
e +3Be 82.7  1.20 0.77 1.40 184 0 1.67 0.73 12
Bound state 89.9 1.23 0.75 1.23 1

2These well depths were multiplied by B/A in order to exclude crudely the interaction of the

incoming proton with the ¢ cluster.
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ences between these two potentials have very
little effect on the shape of the cross section and
affect the magnitude by less than 15% for all tar-
gets. We therefore present only the results for
the 3He potential.

All potential parameters are presented in Table
I. For most calculations these parameters were
fixed independent of the outgoing energy. Calcula-
tions, in which well depths were varied to account
for the energy dependence, showed relatively
small effects on the shape compared with the ex-
perimental errors.

B. Comparison with experimental data

In Fig. 3 we present the DWIA calculations nor-
malized to the experimental data for one pair of
angles (for all nuclei except carbon these angles
correspond to the double quasifree angle). Agree-
ment between experiment and theory at other
angle pairs is of comparable quality. Owing to the
lack of experimental *He(p,d)®He data we have
used a constant cross section do/dQ!M in Eq. (1).
This cross section was obtained by interpolation
of the available data presented in Fig. 6 at a two-
body angle corresponding to the zero recoil mo-
mentum point. Although the free (p,d) data are
sparse, the proximity of the present data to the
85 MeV results allows us to interpolate the two-
body cross section to an expected accuracy of
better than + 25%.

Overall, the agreement in shape between experi-
ment and DWIA theory is rather good. However,
for °Li the theoretical curve is similar to the
corresponding (p,pa) predictions whereas one
sees in Fig, 5(a) that the ®Li(p,pa) distribution is
narrower than the (p,dHe) results. Thus for
SLi(p,d°He) the theoretical curve is somewhat
narrower than experiment unlike the corresponding
(p,pa) results. Inthe case of "Li we observe that
the almost complete filling in of the expected mini-
mum is not reproduced by the DWIA calculation.
This is a somewhat disappointing result, and it
seems unlikely that it could be explained as a
simple distortion effect. The effects of the finite
experimental energy and angular resolution on the
theoretical curve were included by means of the
code MOMRATH,!® and are presented as a dashed
curve in Fig. 3(b). The majority of the effect
arises from the angular resolution, with only an
additional few per cent effect from the 1 MeV en-
ergy resolution. The inclusion of these finite
resolution effects accounts for only about 50% of
the observed discrepancy between theory and
experiment in the region of the minimum. It is
possible that these results indicate the presence
of some higher order process not subject to the

same angular momentum transfer requirements.

The °Be(p,d*He)’He results presented in Fig.
3(c) are in very good agreement, including a slight
improvement when one includes equal amounts of
S-state and D-state knockout as predicted by the
shell model calculations of Kurath.!® Finally for
12C(p,d*He)®Be(0+) the agreement between theory
and experiment is reasonable when one considers
the rather large experimental errors.

In normalizing the DWIA calculation to the ex-
periment we extract the a-particle spectroscopic
factor S,. In common with our earlier analyses
of (p,pa) reactions these are absolute spectro-
scopic factors. In Table II we present the ex-
tracted S, for the angle pairs shown in Fig. 3. In
addition we present the extracted S, for the (p,pa)
experiment! at these same angle pairs. The er-
rors in S, represent statistical and relative exper-
imental errors, but do not include any error in the
two-body cross sections. Considering the expected
uncerta.nty of approximately +25% from the inter-
polation of the two-body cross sections, the agree-
ment between the two experiments is remarkably
good.

For completeness we have also presented in
Table II theoretical predictions of S,. The theo-
retical spectroscopic factors for °Li and "Li were
obtained from cluster model calculations!”'® and
have large a parentage as expected. As discussed
in detail in Ref. 15 the experimental spectroscopic
factor for °Li is smaller than that predicted by
the cluster model suggesting the importance of
other configurations. The “Li data, however, are
in excellent agreement with the cluster model

TABLE II. Absolute spectroscopic factors for double
quasifree angle pairs extracted by means of the DWIA
analysis. The errors in the spectroscopic factors ex-
tracted for the (p,d’He) reaction only reflect relative
errors in the three-body cross sections. An additional
estimated uncertainty of +25% in the 4Ir{e(p,d)"’He cross
section should be considered.

Reaction 6,/8y (deg) S, (expt.) S, (theory)

SLi(p, d°He)*H 1.0—~1.1"

SLi(p,pa)H
"Li(p, d®He)*H
"Li(p,pa)*H

81.9/-40.9 0.52+0.03
81.9/-40.9 0.59+0.04%

81.3/-41.0 1.09+0.11
81.3/-41.0 0.94+0.07% {1.12°¢

9Be(p, d’He) He 81.2/-41.0 0.47 +0.04
%Be(p,pa)He 81.2/-41.0 0.43+0.04 0.57¢

2¢(p, d®He)®Be(0+) 90/-35.7
2¢(p,pa)®Be(0+)  90/-35.7

0.56+0.12
0.59+0.092% 0.559

2Values from Ref. 1.
PReference 17.
°Reference 18.
dReference 16.
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prediction.

The spectroscopic factors for °Be and '*C were
obtained from the shell model calculations of
Kurath.'® They were obtained by projecting out
four particles coupled to S=0 and 7=0, having
zero oscillator quanta in their relative motion,
from 1p-shell model wave functions. The agree-=
ment between the experimental and theoretical
spectroscopic factors is excellent, and shows no
evidence of the need for additional clustering be-
yond that contained in the 1p-shell model. These
results in terms of the (p,pa) experiment have
been discussed in detail in Ref. 1.

VI. CONCLUSIONS

In the present work we have made a detailed
study of the (p,d°He) reaction at 100 MeV. The
data generally show the qualitative features ex-
pected of a quasifree reaction proceeding via the
(p,d) interaction with an o cluster in the target
nucleus. Furthermore, comparisons of the ex-
perimental data with both (p,pa) experimental
data and DWIA calculations show rather good
quantitative agreement. In particular within the
accuracy of the present work the ( p,d°He) reac-
tion appears to be dominated by the direct quasi-

free reaction. With the possible exception of the
filling in of the minimum for "Li, no strong evi-
dence (beyond the approximately + 25% uncertainty
in the S, due to the two-body (p,d) data) is seen
for other types of processes not contained in the
DWIA or for differences in the proton-four-parti-
cle cluster interaction between (p,pa) and
(p,d*He). More detailed experimental data will
be required if these effects are to be observed.
Thus we conclude that the (p,d*He) reaction on
p-shell nuclei is dominated by the quasifree reac-
tion process, and that absolute a-particle spec-
troscopic factors can be extracted from this reac-
tion via the use of a DWIA analysis.
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